Background: Limited data are available on the prognostic performance of Adjuvant! Online (AOL) and Nottingham Prognostic Index (NPI) in young breast cancer patients.
Breast cancer represents the most frequently diagnosed malignant tumour in women younger than 40 years (DeSantis et al, 2016) . Treatment recommendations in early stage breast cancer are based on both patient's prognosis and expected benefit of adjuvant therapies (Coates et al, 2015) . Young patients have an increased risk of disease recurrence and death compared with the old counterpart (Azim Jr and Partridge, 2014) ; hence, a larger fraction of patients with early stage disease are offered chemotherapy (Azim Jr et al, 2016) . However, these treatments cause significant long-term side effects and negatively influence quality of life (Azim Jr et al, 2011; Lambertini et al, 2016) . Thus, adequate estimation of their prognosis is very important to help optimising adjuvant management strategies.
Adjuvant! Online (AOL) (Ravdin et al, 2001) and Nottingham Prognostic Index (NPI) (Haybittle et al, 1982) are two widely used tools based on traditional clinicopathological factors developed to predict an individual's prognosis and to aid clinical decision-making . Although performing globally well, some concerns have been raised regarding their applicability in populations other than those used in their validation studies (de Glas et al, 2014) and in specific subgroups such as women younger than 40 years . In addition, in light of advances in adjuvant systemic therapies (Coates et al, 2015) , differences in outcome according to breast cancer subtypes (Engstrøm et al, 2013) , and improvement in survival (DeSantis et al, 2016) , it is legitimate to understand whether these tools are still offering reliable predictions for longterm outcomes.
The present study evaluated the prognostic performance of AOL and NPI in young breast cancer patients (p40 years at diagnosis). We examined the ability of both tools to predict outcomes (i.e., calibration) and their discriminatory accuracy in a cohort of young breast cancer patients. We further assessed the prognostic performance of both tools in an older cohort of patients (aged 55-60 years at diagnosis) that acted as a control group.
MATERIALS AND METHODS
Study design and patient selection. The present study was a multicentre hospital-based retrospective cohort study, which was conducted in four Belgian and Italian referral institutions specialised in managing breast cancer patients.
All consecutive women treated for breast cancer from 1 January 2000 to 31 December 2004 were identified in the hospitals' cancer registries. This restriction was chosen to allow at least a 10-year follow-up for included patients. Eligible patients were women diagnosed with invasive unilateral primary breast cancer treated with upfront surgery, and with complete information on pathology and treatment. Two cohorts were included, patients aged p40 years at diagnosis (young cohort) and those aged 55 until 60 years (older cohort). Patients were excluded if they received neoadjuvant systemic therapy, presented with newly diagnosed stage IV disease or non-invasive breast cancer, had unknown data on tumour size, nodal status and/or adjuvant treatments. Adjuvant trastuzumab was not approved at that time; women who received trastuzumab in the context of a clinical trial were excluded.
The study is reported according to the STROBE statement (von Elm et al, 2007) . The institutional review boards of participating centres approved the study protocol and the retrospective review of patients' medical records. Signed inform consent was not required by the respective institutional review boards.
Study procedure. The medical records of all eligible patients were retrieved and coded data were entered into an excel database. Adjuvant! Online and NPI estimates for each patient were calculated separately by two investigators (ML and ACP) blinded to patient outcomes.
Patient and tumour characteristics were entered in the AOL programme version 8.0 to calculate the predicted 10-year overall survival (OS) and 10-year disease-free survival (DFS) for each patient; the 'average for age' category of comorbidity was used for all patients. For every patient, NPI score was calculated with the following algorithm: maximum tumour size in centimetres Â 0.2 þ nodal status þ tumour grade. The numeric score obtained was used to stratify patients in risk categories. The following six risk categories with the respective likely predicted 10-year OS were considered (Quintyne et al, 2013) : excellent, good, moderate group 1, moderate group 2, poor and very poor ( Supplementary Table A1 ). No DFS estimates for the different categories of NPI were available in the literature.
Study objectives and end points. The primary objective of the study was to evaluate the prognostic performance of AOL and NPI in young breast cancer patients (p40 years), and to compare it to the one obtained in the older cohort (55-60 years). We opted to avoid the inclusion of an older age group to circumvent any impact of associated morbidity on long-term outcome.
The study end points were calibration and discriminatory accuracy. Calibration refers to the agreement between the predicted and observed survival rates. Discriminatory accuracy refers to the ability of distinguishing individuals who will survive 10 years compared with those who will not (i.e., the ability to discern patients with good outcomes from those with poor outcomes at the individual patient level).
The secondary objective of the study was to describe the differences in prognostic accuracy according to breast cancer subtypes defined on the basis of oestrogen receptor (ER) and HER2 status by immunohistochemistry as defined locally (ER þ / HER2 À , HER2 þ and ER À /HER2 À ). Other secondary objectives included describing the characteristics of tumours arising in young women, the type of adjuvant systemic treatments offered and to compare these findings with those of an older cohort of patients.
Statistical analyses. The observation time for each patient was defined as the time between the date of diagnosis and an event. Disease-free survival event was defined as the occurrence of any of the following: local recurrence, distant metastases, contralateral or ipsilateral breast tumour, second primary malignancy or death from any cause. Overall survival event was defined as death from any cause. Vital status was cross-checked with the national registries in Belgium and Italy. The date of last follow-up vital status was 01 March 2015. For DFS, observation times of patients without the event or who did not reach the 10-year follow-up were censored on the date of their last contact in the participating institutions. Disease-free survival and OS curves for the two cohorts of patients were calculated using the Kaplan-Meier method, and log-rank test was used for comparing the curves between the six NPI classes.
For assessing calibration, the trimmed mean of predicted 10year survival probabilities (by AOL and NPI) was compared with the observed 10-year survival rates (Kaplan-Meier curves). A onesample t-test for proportions was used, assuming AOL and NPI predicted values to be the population values (under the assumption that the models are true) and thus fixed. Calibration plots for AOL were constructed by visualising mean predicted vs observed survival outcomes (OS or DFS) by deciles of predicted outcomes (OS or DFS). Calibration plots for NPI were constructed by visualising the 10-year observed OS by the six categories of NPI predicted OS. Error bars in the calibration plots are s.e. of the observed 10-year outcomes.
For assessing discriminatory accuracy, the area under the receiver-operator characteristic curve (AUC under the ROC) and corresponding 95% confidence intervals (CI) for 10-year predicted OS and 10-year predicted DFS were calculated. The AUC translates into the probability that the predicted 10-year outcome of a randomly selected patient who indeed had a good outcome at 10 years is higher than that of a patient who did not; the higher the AUC the better the tools are at identifying patients with a better outcome (being alive without disease or longer survival). The area under the time-dependent ROC curves was compared by using the nonparametric method of Chiang and Hung (2010) .
To test for heterogeneity among the breast cancer subtypes with regard to calibration and discriminatory accuracy, the Cochran's w 2 -test was used. Heterogeneity between breast cancer subtypes was assessed in the young and older cohorts, for AOL and NPI, considering as outcome OS and DFS, respectively.
Patient cohorts were analysed by applying descriptive statistics: w 2 -test was used for correlations of nominal variables and Fisher exact test was used for small sample sizes. All analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA), GraphPad Prism software and R version 3.2.2, package time ROC (GraphPad Software Inc., San Diego, CA, USA).
RESULTS
Out of 1455 patients screened, 1283 were included in the present study (376 in the young and 907 in the older cohorts; Figure 1 ). All patients had 10-year follow-up for OS calculations. For DFS, 10-year follow-up was reached in 80% and 77% of patients in the young and older cohorts, respectively. Patient outcome was homogeneous among the four centres with no difference in OS ( Supplementary Figures A1 and A2) .
As compared with patients in the older cohort, those in the young cohort had more aggressive tumour characteristics at diagnosis with larger tumours (Po0.001), more nodes involved (P ¼ 0.002), higher tumour grade (Po0.001), higher incidence of ER À (Po0.001) and HER2 þ (Po0.001) disease (Table 1) . Moreover, young patients were more often treated with chemotherapy than older women (Po0.001).
In the young and older cohorts, respectively, 10-year OS was 84.6 and 88.4% (P ¼ 0.07), and 10-year DFS was 68.3 and 76.6% (Po0.001). Women with ER þ /HER2 À tumours showed the longest survival, with a 10-year OS of 87.3% and 89.7% and a 10year DFS of 70.8% and 79.0% in the young and older cohorts, respectively ( Table 2) . Figure 2 reports OS stratified by NPI class in the young (Po0.001; Figure 2A ) and older cohorts (Po0.001; Figure 2B ).
Calibration
Overall survival. In the young cohort, there was no significant difference between predicted survival by AOL (83.9%) and observed OS (84.6%; P ¼ 0.37; Table 2 ). Conversely, NPI underestimated 10-year OS by 8.5% (76.1% vs 84.6%; Po0.001). The discrepancy in NPI estimation was mainly observed in women with ER þ /HER2 À (absolute difference: À 8.5%, P ¼ 0.001) and HER2 þ tumours (absolute difference: À 12.4%, P ¼ 0.01). In the older cohort, both tools underestimated 10-year OS by 7.2% for AOL (Po0.001) and 4.0% for NPI (Po0.001; Table 2 ). A greater discrepancy was shown for both tools in patients with ER þ /HER2 À (absolute difference for AOL: À 7.0%; Po0.001; absolute difference for NPI: À 3.5%; P ¼ 0.009) and ER À / HER2 À (absolute difference for AOL: À 10.5%; P ¼ 0.03; absolute difference for NPI: À 8.0%; P ¼ 0.08) tumours.
In both the young (AOL: P ¼ 0.98; NPI: P ¼ 0.53) and older (AOL: P ¼ 0.63; NPI: P ¼ 0.61) cohorts, there was no significant heterogeneity in the observed vs predicted OS difference across the three subtypes.
The calibration plots showing the observed vs predicted 10-year OS in both the young and older cohorts are reported in Supplementary Figures A3 and A4 for AOL and in Supplementary Figures A5 and A6 for NPI, respectively.
Disease-free survival. In the young cohort, there was a discrepancy between predicted (76.0%) and observed (68.3%) 10-year DFS for AOL, with a significant overestimation of 7.7% (P ¼ 0.003). The discrepancy in AOL estimation was mainly observed in patients with ER þ /HER2 À (absolute difference: 8.4%; P ¼ 0.02) and HER2 þ disease (absolute difference: 14.0%; P ¼ 0.02; Table 2 ).
Conversely, AOL underestimated 10-year DFS by 3.2% in older patients (P ¼ 0.04; Table 2 ). A greater discrepancy was shown in women with ER þ /HER2 À disease (absolute difference: À 4.3%; P ¼ 0.02).
In both the young (P ¼ 0.38) and the older (P ¼ 0.28) cohorts, there was no significant heterogeneity in the observed vs predicted DFS difference across the three subtypes.
The calibration plots showing the observed vs predicted 10-year DFS in both the young and older cohorts are reported in Supplementary Figures A7 and A8 .
Discriminatory accuracy
Overall survival. Tool discriminatory accuracy was 73.1 (95% CI, 66.1-80.2) for AOL and 71.9 (95% CI, 65.0-78.7) for NPI in the young cohort (P ¼ 0.45; Table 3 and Figure 3A ). There was tendency of higher accuracy for AOL over NPI in patients with HER2 þ tumours (P ¼ 0.06).
No difference in tool discriminatory accuracy was shown between AOL (74.0; 95% CI, 69.0-79.1) and NPI (74.1; 95% CI, 69.1-79.1) in the older cohort (P ¼ 0.94; Table 3 and Figure 3B ). This was consistent across the different breast cancer subtypes.
Disease-free survival. No difference in the discriminatory accuracy was shown between AOL (66.0; 95% CI, 59.6-72.4) and NPI (64.6; 95% CI, 58.2-71.1) in the young cohort (P ¼ 0.51; Table 3 and Figure 3C ). However, for patients with HER2 þ tumours, discriminatory accuracy of AOL was significantly better than NPI (P ¼ 0.03).
No difference in tool discriminatory accuracy was shown between AOL (63.5; 95% CI, 58.8-68.2) and NPI (64.9; 95% CI, 60.3-69.5) in the older cohort (P ¼ 0.35; Table 3 and Figure 3D ). This was consistent across the different breast cancer subtypes.
Despite the observed trend in HER2 þ tumours in the young cohort, no significant interaction was observed between cohorts and the prognostic performance of AOL and NPI across the different subtypes. 
DISCUSSION
Our study showed that AOL is a reliable tool in predicting OS at 10 years in young breast cancer patients but not DFS, whereas the performance of NPI is sub-optimal. Both tools overestimated the risk of death in the older cohort. We also showed that AOL and NPI had comparable discriminatory accuracy. As expected, patients in the young cohort were diagnosed with more advanced and biologically aggressive tumours as compared with those in the older cohort, and were more often treated with adjuvant chemotherapy (85% vs 47%). However, their survival outcomes were quite impressive with a 10-year OS of 84.6% reaching up 87.3% in the subgroup of women with luminal disease.
Ten-year OS of HER2 þ patients was 81.1%, which is expected to be even better in the current era with trastuzumab (Vici et al, 2014) . The cross-check of OS information with national registries further strengthens the robustness of this observation.
Adjuvant! Online and NPI are widely accepted as reliable prognostic tools that could aid treatment decision-making in the adjuvant setting . However, only a small proportion of patients in the validation populations were younger than 40 years . In addition, these studies suggested that AOL estimates might be less accurate in young women (Olivotto et (Mook et al, 2009) . Specifically, in a large study reporting the prognostic performance of AOL in young patients (n ¼ 592), AOL was found to overestimate 10-year OS by 4.2% (Mook et al, 2009) . Of note, patients enrolled in this study were treated in a relatively older era, approximately half of them received no adjuvant systemic therapy, and most of the treated patients had received CMF-based chemotherapy and tamoxifen as adjuvant treatments. Hence, the clinical validity of AOL predictions in young breast cancer patients treated in the modern era could not be ascertained. Moreover, in the study by Mook et al (2009) , no information on DFS nor on the discriminatory accuracy of the tool in the young population was provided. On the other hand, very limited evidence is available on the prognostic performance of NPI in young breast cancer patients (Sundquist et al, 1999) . Thus, we believe that our results provide important information on the reliability of these tools in young women that could help physicians in managing their patients in daily practice.
Recently, a single-centre observational study evaluated the prognostic performance of AOL and NPI in the specific subgroup of young breast cancer patients (n ¼ 92) (Hearne et al, 2015) . No significant difference between the actual 10-year OS (77.2%) and that predicted by AOL (82.1%) or NPI (77.3%) was observed (Hearne et al, 2015) . Both tools showed a strong correlation and predicted cumulative survival curves accurately; however, this study did not include a control group and no information on 10-year DFS estimates or discriminatory accuracy of the tools was provided. Our study, which included nearly four times the number of young patients, confirmed that AOL accurately predicts 10-year OS (P ¼ 0.37). However, we showed that AOL overestimated 10-year DFS by 7.7% (P ¼ 0.003). As observed in previous studies evaluating the performance of AOL in unselected breast cancer patients, DFS estimates are less accurate than OS prediction . Specifically, as shown in the study by Olivotto et al (2005) , a 14% overestimation of DFS was observed in patients (n ¼ 127) under the age of 35 years . Finally, our study showed the ability of NPI to identify six classes of patients with distinct outcome discriminating between those with good and poor prognosis (Po0.001; Figure 2 ). However, NPI significantly underestimated 10-year OS (Po0.001): yet, it should be noted that we observed higher survival rates in young breast cancer patients as compared with what was previously presented in older women for the six classes of NPI (Quintyne et al, 2013) , particularly for the two moderate groups and, above all, for the two poor prognostic groups ( Supplementary  Table A1 ).
Adjuvant! Online and NPI had comparable discriminatory accuracy for both OS and DFS in the cohort of young patients, although there was a trend for AOL being slightly better than NPI in patients with HER2 þ tumours. Of note, both tools were developed prior to the trastuzumab era and HER2 status is not included in the prognostic calculation. Hence, their performance in patients with HER2 þ disease should be considered with caution and remains an open question. The upcoming version of AOL incorporating information on HER2 status is largely awaited.
Our results raise some concerns regarding the prognostic performance of AOL and NPI in the 55-60 years patient cohort, with both tools underestimating survival outcomes, mainly in patients with ER þ /HER2 À breast cancer. Recently, several molecular assays became available and appear to refine prognostication beyond what can be provided by clinical prognostic models such as AOL in patients with ER þ /HER2 À tumours (Azim Jr et al, 2013) . With the increasing use of these assays, it is likely that the reliability on tools such as AOL and NPI would be reduced. Nevertheless, it is crucial to understand the prognostic accuracy of these tools being 'free' and easy to use and their integration with the molecular assays (Cardoso et al, 2016) . In addition, they remain informative in ER À tumours, in which molecular assays are of very limited value, if any.
Some limitations of the present study should be acknowledged. The retrospective design led the study prone to bias and confounding. Approximately 20% of patients did not have 10-year follow-up data for DFS, and for 13.5% of the tumours the specific subtype could not be defined. However, the study has important strength points. It is the first study investigating calibration and discriminatory accuracy of AOL and NPI in young breast cancer patients. It was a multicentre study, including a large cohort of young women and a comparator group of older patients. Overall survival data have been cross-checked with the national registries to confirm the reliability of the findings: hence, the study results can give a point estimate for expected OS and benefit from modern adjuvant treatments in young women with breast cancer.
In conclusion, our results suggest that AOL can reliably be used for OS prognostication in young women with breast cancer, but is less performant for DFS estimate. In this population, NPI is suboptimally performing. Due to the relative underestimation of longterm outcomes in patients aged 55-60 years, the role of AOL and NPI deserves further investigations.
